A distributed circuit model for different kinds of discontinuities in high temperature superconducting (HTS) microstrip transmission lines (TLs), is proposed. In each case, closed form formula for lumped element model is presented based on the configuration of the discontinuity and the characterizations of HTS microstrip TLs. These discontinuities consist of steps in width, open ends, gaps and 90-degree bends. In the case of normal conductor microstrip TLs there are a lot of numerical and analytical equations that can accurately model them, however those formulas are not efficient for HTS TLs. Thus modified relations are extracted utilizing the superconducting characterizations to obtain much more accurate formulas. Additionally temperature dependence of HTS TLs is considered in the relations. Moreover regarding the kinetic inductance in HTS TLs a closed form formula is proposed for characteristic impedance of HTS TLs. Furthermore correction factors based on fringe fields is used to optimize all formulas. Using these formulations can lead to modeling and analysis of some superconducting microwave devices such as resonators, microwave filters, couplers, etc. In contrast to EM analysis, using the distributed circuit model is much easier for analysis of HTS microwave devices. The accuracy of the proposed model is confirmed in comparison with some electromagnetic full-wave simulations. This full analytical approach shows great accuracy in this test case as well.
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Abstract A distributed circuit model for different kinds of discontinuities in high temperature superconducting (HTS) microstrip transmission lines (TLs), is proposed. In each case, closed form formula for lumped element model is presented based on the configuration of the discontinuity and the characterizations of HTS microstrip TLs. These discontinuities consist of steps in width, open ends, gaps and 90-degree bends. In the case of normal conductor microstrip TLs there are a lot of numerical and analytical equations that can accurately model them, however those formulas are not efficient for HTS TLs. Thus modified relations are extracted utilizing the superconducting characterizations to obtain much more accurate formulas. Additionally temperature dependence of HTS TLs is considered in the relations. Moreover regarding the kinetic inductance in HTS TLs a closed form formula is proposed for characteristic impedance of HTS TLs. Furthermore correction factors based on fringe fields is used to optimize all formulas. Using these formulations can lead to modeling and analysis of some superconducting microwave devices such as resonators, microwave filters, couplers, etc. In contrast to EM analysis, using the distributed circuit model is much easier for analysis of HTS microwave devices. The accuracy of the proposed model is confirmed in comparison with some electromagnetic full-wave simulations. This full analytical approach shows great accuracy in this test case as well.
Introduction
High temperature superconducting (HTS) microwave devices are found very important role in recent communication systems. Microwave resonators, filters [1] , [2] , Duplexers [3] , delay lines, antenna [4] and couplers [5] are the most important samples of utilizing HTSs for microwave devices. All of these modules often are implemented in microstrip form. It is clear that these microwave integrated circuits (MICs) consist of so many microstrip transmission lines (TLs) that certainly involve some discontinuities. Therefore modeling of discontinuities in microstrip TLs is vital for full analytical analysis and design of superconducting microwave devices. In comparison with numerical EM simulation, analysis of the microstrip devices by circuit modeling is very fast and efficient.
There are some closed form expressions for normal conductor microstrip transmission lines (TLs) discontinuities [6] , [7] , but these formulas are not efficient in the superconducting case. There is closed form relations for distributed circuit (RLGC) model of superconducting transmission line [8] , However there is not any closed form formulas for lumped element modeling of discontinuities in superconducting microstrip circuits. These circuit models can be used in computer aided simulations (for example in the schematic environment of some of the microwave circuit simulators such as ADS or Microwave Office softwares) for very fast and efficient analysis of superconducting microwave devices. Furthermore lumped element circuit model can be extended to use for nonlinear analysis of superconducting microstrip modules.
In this paper we proposed the lumped element model for four kinds of microstrip discontinuities consisting steps in width, open ends, gaps and right-angle bends. To validate the proposed circuit modeling, we analyzed a simple sample structure of superconducting microstrip transmission line (SMTL) by using the lumped element model and compare its result with full-wave electromagnetic (EM) simulation by IE3D (Zeland) software.
Circuit Modeling of Discontinuities in the SMTLs
In this section the lumped element circuit modeling for some important discontinuities in the SMTLs is proposed as in Fig 1. Basic concepts of these modeling is derived from well known circuit modeling of discontinuities in normal microstrip TLs in [6] , [7] , that the values of the lumped elements are modified for the case of superconducting microstrip TLs. Here we proposed these values of lumped element in the circuit modeling. In these equations 'h' and 't' are respectively the thickness of substrate and HTS, 'λ' is the penetration depth and Z C_Sc is our poposed formulation for the characteristics impedance of SMTLs,
where 'Z C_normal ' is the routine characteristic impedance for normal conductor microstrip TLs and 'K' is fringe factor and it can be found with the conformal mapping technique [6] and it can be calculated by,
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Evaluation of the Proposed Model
In this section we are going to evaluate the proposed models with comparison by full-wave electromagnetic (EM) simulation in IE3D (zeland) software that has capability of simulation of superconductor planar structures. For this purpose we consider a simple structure of 450nm YBCO on both sides of a 1mm LaAlO 3 substrate. As shown in Fig 2- a this circuit consists of 11 transmission lines, 4 bends, 4 step in widths and 2 gaps, therefore the total transfer matrix of this shape is produced by regular matrix multiplication of 21 transfer matrixes and finally the scattering matrix is inferred from the obtained transfer matrix. All dimensions in Fig 2-a 
Conclusion
In this paper we proposed lumped element circuit models for four kinds of discontinuities in HTS microstrip transmission lines. In each case some closed form formulas are presented for the value of all lumped elements in the models. To validate the accuracy of the proposed models, a sample microstrip HTS structure is modeled and analyzed and its modeling results are compared to electromagnetic simulation by IE3D software. This full analytical approach shows great agreement with the results of numerical full wave analysis. Hence these models can be used for analysis of different superconducting microwave devices especially HTS microstrip filters in different temperatures even near critical temperature. This full analytical method, in compare to numerical methods, is very fast and efficient.
